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Site of restoration of the effect of PTH by propanolol in respiratory
alkalosis. Respiratory alkalosis decreases the phosphaturic response to
parathyroid hormone (PTH). /3-adrenoreceptor blockade by proprano-
lol infusion restores the phosphaturic effect of PTH in respiratory
alkalotic rats; however, the nephron site of these changes in phosphate
reabsorption by propranolol is not known. The present study was
performed to localize the nephron segment(s) involved in the restora-
tion of the phosphaturic effect of PTH by propranolol infusion in
respiratory alkalotic rats. PTH infusion increased the fractional deliv-
ery of phosphate (FD1) to the late proximal tubule to similar levels in
the propranolol and vehicle-infused respiratory alkalotic rats (FD 46.6
4,4% and 48.6 4.2%, respectively). In contrast, PTH only in-
creased FD1 to the early distal tubules (to 17.1 0.9%) in the absence
of propranolol compared to FD1 41.9 2.5% in the presence of
propranolol in respiratory alkalotic animals. We conclude that the
restoration of the phosphaturic effect of PTH in respiratory alkalotic
rats by propranolol infusion is due primarily to decreased reabsorption
of phosphate by the straight segment of the proximal tubule.
Respiratory alkalosis results in marked increases in phos-
phate reabsorption in the presence of PTH or cAMP infusion in
rats [1—5], hamsters [6], dogs [7—9], and humans [10, Il].
Respiratory alkalosis is also known as an experimental model of
pseudohypoparathyroidism type II, where a markedly de-
creased sensitivity to the phosphaturic effect of PTH is ob-
served despite a normal increase in urinary cAMP [12].
Although phosphate is reabsorbed in both the convoluted and
the straight segments of the proximal tubule [13, 141, the
resistance to the inhibitory effect of PTH on phosphate reab-
sorption during respiratory alkalosis has been localized primar-
ily to the straight segment of the rat proximal tubule [2]. In
addition, clearance studies in rats have demonstrated that
stimulation of /3-adrenoceptors may be involved in the blunted
phosphaturic response to PTH in respiratory alkalotic rats [15].
Accordingly, micropuncture experiments were performed to
determine the nephron site of the restoration of the phosphatu-
nc effect of PTH by propranolol infusion during respiratory
alkalosis.
Received for publication November 28, 1989
and in revised form February 9, 1990
Accepted for publication March 6, 1990
© 1990 by the International Society of Nephrology
Methods
Experiments were performed on male Sprague-Dawley rats
weighing 200 to 260 g. Animals had free access to food (0.61%
phosphorus, Rodent Lab Chow 5001) and water. Rats were
anesthetized by intraperitoneal injection of mactin (Byk GuI-
den, Konstanz, FRG, 100 mg/kg body wt) and a tracheostomy,
and thyroparathyroidectomy (TPTX) by heat cautery were
performed. Catheters were inserted into the carotid artery and
two jugular veins for pressure monitoring, blood sampling, and
for infusions. The animals were placed on a heated table and
body temperature was maintained between 36° and 38°C. After
TPTX, a two-hour recovery period was allowed to establish a
steady state. A 6% inulin in saline infusion was started at the
beginning of the recovery period at a rate of 1.6 mllhr, and
continued until the end of the experiment. The rats were also
infused with 6.25% albumin in isotonic saline at a rate of 1% of
body wt/hr for one hour. This infusion was then replaced by
isotonic saline at a rate of 3% body wt/hr. After one hour this
infusion was decreased to equal the urine flow rate of approx-
imately 4 ml/hr. Thirty minutes after TPTX, all rats were
hyperventilated at a rate of 300 ml/min until the end of the
experiment. At the end of the second hour after TPTX, animals
were prepared for micropuncture as previously described [16].
A flank incision was made, a catheter was placed in the ureter
of the left kidney for urine collections, and the left kidney was
placed in a holder. During each clearance period, two superfi-
cial late proximal and two superficial early distal micropuncture
samples were obtained. Samples taken proximal and distal
nephrons were collected from different nephron segments iden-
tified by 0.1 ml venous injection of 5% lissamine green dye. Five
groups of rats were studied according to the following proto-
cols:
Group 1. Respiratory alkalosis + PTH (N 6). Rats were
hyperventilated with 100% 02 to induce respiratory alkalosis.
Two hours after TPTX, control clearance samples were col-
lected and free-flow micropuncture samples were taken from
the superficial late proximal and early distal tubules. Synthetic
bovine PTH (1-34, Sigma Chemical Co. St. Louis, Missouri,
USA) was infused in a priming dose (33 U/kg) followed by
continuous infusion of 1 U/kg/mm. Recollection micropuncture
was performed one hour after the hormone infusion was initi-
ated.
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Table 1. Effect of PTH on clearance parameters in normocapnic and respiratory aIkalotic rats in the presence and absence of propranolol
Respiratory alkalosisN=6
Respiratory alkalosis +
propranololN=6 NormocapniaN=6
Normocapnia +
propranololN=5
C PTH C PTH C PTH C PTH
Blood
pH
pCO2 mm Hg
Pmmol/1iter
MAPmmHg
Kidney function
GFR mI/mm
FE1%
7.58 0.Ola 7.55 0.Ola
24 ia 22 ia
1.67 0.l5 2.23 013a.b
140±3 143±3
1.05 0.04 0.89 0.13
0.20 0.04 9.4 08a.b
7.55 o.Ola 7.53 0.02a
25 ia 23 ia
2.02 0.06a 2.16 0.14a
153±4 147±3
1.02 0.03 1.16 0.10
0.59 0.25 20.3 3.1
7.38 0.01 7.35 0.01
40 2 44 1
2.82 0.09 2.81 0.14
142±4 143±5
0.99 0.18 1.06 0.13
0.46 0.21 21.1 30b
7.38 0.01 7.35 0.01
42 1 46 2
2.97 0.12 2.89 0.10
140±3 135±3
1.15 0.16 0.95 0.09
0.29 0.11 24.7 2.7'
Abbreviations are: N, number of animals; plasma phosphate; MAP, mean arterial pressure; GFR, glomerular filtration rate; fractional
excretion of phosphate.
a Significant difference compared with normocapnic animals, group t-testl, Significant difference compared with control period, paired t-test
C Significant different compared with respiratory alkalotic animals in the absence of propranolol, group t-test
Group 2. Respiratory alkalosis + propranolol + PTH (N =
6). The protocol was identical to that in Group 1 except that one
hour after TPTX, propranolol (Inderal-Ayerst) in isotonic saline
was infused at 20 p.g/kg/min until the end of the experiment.
Group 3. Respiratory alkalosis + propranolol (N 5). The
protocol was similar to Group 1 except that propranolol was
infused (20 p.glkglmin) in the second clearance instead of PTH.
Group 4. Normocapnia + PTH (N = 6). Rats were hyper-
ventilated with a mixture of CO2 in 02 to achieve normal
acid-base parameters. The protocol was otherwise similar to
that in Group 1.
Group 5. Normocapnia + propranolol + PTH (N = 5). The
protocol was identical to that in Group 4, except that propran-
olol was infused as in Group 2.
Inulin concentrations in tubular fluid and plasma were deter-
mined by the microfluorometric method of Vurek and Pegram
[17]. The concentration of inulin in urine was measured by the
anthrone method [181. The volume of tubule fluid was measured
with a 1 d constant bore capillary. Phosphate concentrations in
plasma, urine, and tubule fluid were determined according to
the method of Chen, Toribara and Warner [19]. The pH and
pCO2 in arterial blood were determined using an acid-base
microanalyzer (Instrumentation Laboratory System 1302).
Statistics
All values are presented as means SE. Comparisons were
made using ANOVA and Student's paired or unpaired i-test as
appropriate. Significance was designated as P < 0.05.
Results
The effect of PTH on clearance parameters in normocapnic
and respiratory alkalotic rats with and without propranolol
infusion is shown in Table 1. Respiratory alkalosis significantly
increased blood pH and markedly decreased plasma phosphate
in both the propranolol-infused and vehicle-infused animals in
comparison to the normocapnic groups. PTH administration
significantly increased fractional excretion of phosphate (FE1)
from 0.46 0.21 to 21.1 3.0% in normocapnic rats. In the
respiratory alkalotic rats, PTH infusion increased FE1 from
0.20 0.04 to 9.4 0.8%. This phosphaturic effect of PTH in
respiratory alkalotic rats was markedly less than in normocap-
nic animals. Propranolol infusion did not change the phospha-
turic response to PTH in normocapnic rats. In contrast, an
increased phosphaturic response to PTH was observed in the
respiratory alkalotic, propranolol-infused rats (1FE1 19.7
3.1%) in comparison to the respiratory alkalotic rats infused
with vehicle only (LFE, = 9.3 1.8%). There were no
significant differences in GFR or blood pressure among all
experimental groups.
The effect of PTH on the fractional delivery of phosphate to
the late proximal tubule is shown in Table 2. In the absence of
P1'H, the values for the filtered load of phosphate, tubular fluid
to plasma phosphate concentration ratio (TF/P1), and absolute
delivery of phosphate were decreased in the respiratory alka-
lotic rats compared to normocapnic rats. These decreases
followed the decreased plasma phosphate in respiratory alkalo-
sis (Table 1). Propranolol infusion in respiratory alkalotic rats
increased the plasma phosphate with concomitant increased in
the filtered load of phosphate, TF/P1 and fractional delivery of
phosphate to the late proximal tubule. PTH administration
resulted in an increase of TF/P1 and fractional delivery of
phosphate in all experimental groups. The FD1 observed in the
presence of PTH at the late proximal tubule were similar for all
animals. Taken together, the data in Table 2 indicate that
respiratory alkalosis does not change the inhibitory effect of
PTH on phosphate reabsorption in the proximal convoluted
tubule.
The effect of PTH on the fractional delivery of phosphate to
early distal tubules is shown in Table 3. PTH administration
increased the fractional delivery of phosphate to the early distal
tubule in the vehicle and propranolol-infused respiratory alka-
lotic rats. However, PTH increased the fractional delivery of
phosphate to a much greater extent in the propranolol-infused
respiratory alkalotic rats. In normocapnic rats, propranolol
infusion did not influence the effect of PTH on phosphate
reabsorption.
Experiments to determine whether propranolol infusion af-
fected the phosphate handling in respiratory alkalotic rats are
summarized in Table 4 (Group 3). In respiratory alkalotic rats
(pH 7.59 0.02, pCO2 22.4 2.6 mm Hg) propranolol infusion
did not affect the acid-base status (pH 7.58 0.03, pCO2 20.5 ±
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Table 2. Effect of PTH on the fractional delivery of phosphate to the late proximal tubule in normocapnic and respiratory alkalotic rats in the
presence and absence of propranolol
Respiratory alkalosisN=6
Respiratory alkalosis +
propranololN=6 NormocapniaN=6
.
Normocapnia + propranololN=5
C PTH C PTH C PTH C PTH
Late proximal
tubule
TF/PIN 1.97 0.20 1.75 0.13 2.28 0.23 1.83 0.23 2.15 0.12 2.06 0.19 1.77 0.17 1.81 0.14
SNGFRnIIm1n 51±4 46±9 59±7 51±10 50±4 42±7 51±5 46±6
SNGFR x P
pmols/min
TF/P,,
FD1 %
86 l2 97 19
0,184 0.060a 0.719 0044b
10.0 3,3a 48.6 42a.b
120 15C 107 16
0.448 0.Ill' 0.822 0.66"
20.3 4.0c 46.6 44ab
ISO 14 116 15
0.502 0.036 0.745 0056',
23.8 1.5 36.7 2.7'
149 12 133 16
0.437 0.013 0.721 0056b
24.9 2.5 40.5 3,7"
Abbreviations are: N, number of animals; TF/PJN, tubular fluid to plasma inulin concentration ratio; SNGFR, single nephron glomerular filtration
rate; P,,,, plasma phosphate; TF/P1, tubular fluid to plasma phosphate concentration ratio; FD1, fractional delivery of phosphate to the late
proximal tubule.
a Significant difference compared with normocapnic animals, group t-testb Significant difference compared with control period, paired t-test
Significant difference compared with respiratory alkalotic animals in the absence of propranolol, group f-test
Table 3. Effect of PTH on fractional delivery of phosphate early distal tubules in normocapnic and respirato
and absence of propranolol
ry alkalotic rats in the presence
Respiratory alkalosis + Normocapnia
Respiratory alkalosis propranolol Normocapnia + propranololN=6 N=6 N=6 N=5
C PTH C PTH C PTH C PTH
Early distal tubule
TF/P,N 3.56 0.41 3.03 0.43 4.29 0.51 3.40 0.56 3.69 0.71 3.92 0.61 6.14 o.6o 4.11 043b
SNGFR 60±10 46±7 67±8 53±8 46±8 44±8 50±8 52±6
ni/mm
TF/P1 0.096 0.037 0,519 0072a.b
FD, % 2.7 0.8 17.1 0,9a,b
0.131 0.029 1.207 0.l48 0.083 0.037 0.978 0116b
3.6 0.4 41.9 2,51,cd 2.2 1.1 26.0 32b
0.236 0.104 1.123 0,158b
2.0 1.0 28.6 4.8"
Abbreviations are: N, number of animals; TF/P,N, tubular fluid to plasma inulin concentration ratio; SNGFR, single nephron glomerular filtration
rate; P,,,, plasma phosphate; TFIP1, tubular fluid to plasma phosphate concentration ratio; FD, fractional delivery of phosphate to the early distal
tubule.
a Significant difference compared with normocapnic animals, group f-test
b Significant difference compared with control period, paired r-test
Significant difference compared with respiratory alkalotic animals in the absence of propranolol, group f-test
"Significant difference compared to respiratory alkalotic rats in the absence of propranolol, ANOVA
Table 4. Effect of propranolol (Prop) infusion on the fractional
delivery of phosphate to the late proximal and early distal tubules in
respiratory alkalotic rats (N = 5)
Late proximal tubule Early distal tubule
C Prop C Prop
TF/PIN 2.04 0.25 1.69 0.15 4.59 0.64 4.44 0.81
SNGFR nI/mm 66 8 67 8 72 9 70 12
TF/P1 0.29 0.12 0.42 0.12 0.31 0.17 0.25 0.10
FD1 % 17.9 8.7 26.6 7.7 8.6 4.4 6.9 3.2
Data are presented as means SE. Abbreviations are in Table 3.
2.8 mm Hg), GFR (1.5 0.3 to 1.6 0.2 mI/mm), or the FE,,1
(0.19 0.18% to 0.19 0.12%). Using a paired experimental
design, propranolol tended to increase the fractional delivery of
phosphate to the late proximal tubule; however, there was no
significant change. Propranolol infusion did not affect the frac-
tional delivery of phosphate to the early distal tubule.
Discussion
The results of this study suggest that the proximal straight
tubule is the nephron segment responsible for the restoration of
the phosphaturic effect of PTH by propranolol in respiratory
alkalotic rats (Fig. 1). PTH infusion in the presence of propran-
olol markedly increased fractional delivery of phosphate to the
early distal tubule during respiratory alkalosis. In contrast,
propranolol infusion did not affect the response to PTH in the
proximal convoluted tubule. We interpret the difference in the
delivery of phosphate between late proximal and early distal
tubules most likely to be reabsorption by the proximal straight
segment, since no reabsorption of phosphate has been demon-
strated in other segments in the loop of Henle [20]. Further-
more, the permeability of phosphate in these segments is very
low [21].
However, distal tubule epithelium may be included between
the late proxitnal and early distal tubule puncture sites, and
both f3-adrenoreceptors [22] and phosphate reabsorption [23]
have been demonstrated in the distal tubule. Thus, although it is
likely that most of the effect can be attributed to the straight
portion of the proximal tubule, a contribution due to distal
tubule phosphate reabsorption cannot be excluded.
The phosphaturic effect of PTH in the respiratory alkalotic,
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propranolol-infused rats was not different from that observed in
the normocapnic, propranolol-infused rats (Table 1). In the
absence of PTH, infusion of propranolol in respiratory alkalotic
rats did not result in a phosphaturia. The restoration of the
phosphaturic effect of PTH in respiratory alkalotic rats by
propranolol infusion follows the response observed in the
proximal straight tubules. Therefore, the present study suggests
that, in the straight segment of the proximal tubule, an interac-
tion exists between f3-adrenoceptors and PTH to inhibit phos-
phate reabsorption. This in turn determines the urinary phos-
phate excretion in the presence of PTH.
In the absence of PTH, propranolol infusion increased the
fractional delivery of phosphate to the late proximal tubule in
the respiratory alkalotic rats when comparing Groups 1 and 2.
In paired experiments performed in Group 3, propranolol
infusion tended to increase the fractional delivery of phosphate
to the late proximal tubule; however, there was no significant
change. Propranolol infusion in respiratory alkalotic rats clearly
did not alter phosphate reabsorption between the late proximal
and early distal tubule.
It appears, therefore, that /3-adrenoreceptor blockade re-
stores the chain of events between PTH binding to its receptor
and the subsequent effects on phosphate reabsorption, which
are dissociated in the proximal straight tubule in respiratory
alkalosis. As was shown in a previous study [4], the defect in
signal transduction is subsequent to cAMP formation, since
PTH administration results in a normal increase of cAMP in
respiratory alkalotic animals.
Several investigators have reported that there are morpho-
logical [24] and functional [25} differences between proximal
convoluted and proximal straight segments. Phosphate reab-
sorption rate in the isolated rabbit proximal straight tubule is
one-third of that in the proximal convoluted tubule [261. This
observation was recently extended by an in vitro study that
phosphate transport in cultured rabbit proximal convoluted
tubule cells was significantly higher than in proximal straight
tubule cells [24]. Moreover, in the same report, PTH inhibited
phosphate uptake onJy in the proximal straight tubule but not in
the proximal convoluted tubule cells. Differences in phosphate
transport have also been observed between the proximal con-
voluted tubule and the proximal straight tubule following PTH
administration in respiratory alkalosis [21 and dietary phosphate
deprivation [27, 28], and as a response to calcitonin [16] or
nicotinamide administration [14]. In all of these cases, the final
urinary excretion of phosphate paralleled the change in phos-
phate reabsorption by the proximal straight tubule. These
observations suggest that phosphate reabsorption by the prox-
imal straight tubule may critically influence the phosphate
excretion in the final urine.
Previous work from our laboratory [15] has suggested that the
resistance to the phosphaturic effect of PTH mediated by
/3-adrenoceptors is not associated with changes in the adenylate
cyclase cAMP system. Autoradiographic studies in the rat
kidney demonstrated that /3-adrenoreceptors are highly concen-
trated within the renal cortex, especially in glomeruli and in
tubular sites in the cortex and medulla [29]. There are no studies
available to date indicating whether 13-receptors are present in
the rat proximal straight tubule. Since activity of adenylate
cyclase is often used as an index of the presence of 13-
adrenoreceptors [301, the failure to find an adenylate cyclase
response does not rule out the possibility that /3-adrenorecep-
tors which are not coupled to adenylate cyclase may be present
in proximal straight tubules. Indeed, the existence of such
receptors has been shown in cultured S49 lymphoma cells [31,
32]. A non-cAMP-dependent electrogenic response to /3-
adrenoreceptor stimulation was also recently demonstrated in
isolated perfused salamander proximal tubule [331. The present
study suggests that the restoration of the phosphaturic effect of
PTH by propranolol infusion in respiratory alkalotic rats is
primarily due to decreased phosphate reabsorption by the
proximal straight tubule.
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